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INTRODUCTION
Electron and energy transfer are fundamental processes involved in many important chemical and biological processes, ranging from light harvesting to energy conversion and storage. Over the past several decades, significant effort has been devoted to the design and study of molecular assemblies to study electron and energy transfer processes. [1] [2] [3] The knowledge gained has been applied to develop molecular based devices such as dye-sensitized solar cells, organic solar cells, and artificial photosynthesis cells. [4] [5] [6] A number of investigations have sought to understand the effect of -conjugated spacers on electronic coupling and electron (or hole)
transfer across the spacers in donor-bridge-acceptor (D-B-A) molecular assemblies. 7 These investigations have sought to understand the role of the -conjugated spacer in mediating charge transport. There is also the long-term goal of producing long lived radical ion pair (charge separated) states, aiming at applications to molecular electronics 8 or artificial photosynthesis. perylene diimide acceptor and phenothiazine as the donor. 9 Albinsson and co-workers carried out systematic investigations of electron transfer in porphyrin-based D-B-A systems in with the bridge was a series of oligo(phenylene ethynylene)s with varying length. [10] [11] Other donorbridge-acceptor (D-B-A) systems that have been explored include donor-acceptor pairs such as tetracene-pyromellitimide 12 and porphyrin-C 60 , 13 and various -conjugated oligomers have been used as bridges to link donor /acceptors in D-B-A systems, including oligo(phenylene vinylenes) (OPV), 12, 14 oligo(phenylene ethynylene) (OPE), [10] [11] 15 oligofluorene [16] [17] [18] and oligothiophene. 19 The active nature of the conjugated bridges in mediating electronic coupling is underscored by the relatively low attenuation factors (β) observed across these spacers, 10 where the attenuation factor reflects the strength of the exponential decay of the electron transfer rate, e.g.,
where k ET is the electron transfer rate constant, and k 0 is the maximum rate, and r DA is the donoracceptor separation distance.
Despite considerable work on electron transfer across -conjugated oligomer bridges, there has been comparatively less investigation of the effect of -conjugation on intramolecular electron transfer in D-A systems where a -conjugated oligomer serves as the electron donor. This is surprising, given the importance of photoinduced electron transfer from a -conjugated oligomer or polymer to an acceptor as the fundamental step in the mechanism for photovoltaic response in organic solar cells. There have been multiple studies of photoinduced processes in oligomer-(fullerene) acceptor systems; [20] [21] [22] [23] [24] [25] however, in most cases the results are at best ambiguous, due to the complex nature of fullerenes, which can act as both charge-and energyacceptors, and due to their broad absorption across the visible region, making photoselection difficult, and the low-energy fullerene triplet state.
In this report, we describe a detailed photophysical investigation of a series of naphthalene diimide (NDI) end-capped oligo(phenylene ethynylene)s (PEn-NDI, Chart 1). These structures were designed to allow investigation of the dynamics of photoinduced charge-separation and 4 recombination resulting from photoexcitation of the oligo(phenylene ethynylene) (OPE) chromophore, followed by photoinduced electron transfer to the NDI acceptor,
In the PEn-NDI series, the OPE segment length was varied from n = 4 to n = 8 phenylene ethynylene repeat units, in order to examine the effect of -conjugation in the donor on the dynamics of the forward and return electron transfer processes. The naphthalene diimide acceptor was used due to its relatively low reduction potential, combined with relatively high singlet and triplet energies, which preclude OPE to NDI energy transfer from competing with electron transfer. [26] [27] In addition, the NDI anion radical (NDI -. ) has distinct absorption features which are easily identified by visible transient absorption spectroscopy. 28 At the outset of this investigation we were interested in whether localization/delocalization and/or mobility of the singlet exciton and the polaron on the OPE chain (in the charge separated state) would influence the dynamics of forward or return charge transfer. Specifically, it is known that excited and charged states of -conjugated oligomers and polymers are confined to specific segments by self-localization that occurs due to inner sphere and outer sphere relaxations. This localization may influence the electronic coupling between the donor and acceptor states, possibly resulting in interesting effects concerning the distance dependence of forward and return electron transfer reactions. The results described here reveal that photoinduced forward and back electron transfer reactions are efficient in all of the PEn-NDI series, and there are distinct variations in the observed rates with OPE segment length. The results are interpreted with a model that includes a description of the effect of singlet exciton delocalization on the rate of forward electron transfer, and a suggestion that positive polaron localization may influence the rate of return electron transfer in the charge separated state. Nanosecond transient absorption spectroscopy measurements were performed on an inhouse apparatus that is described in detail elsewhere. 31 The third harmonic of a Continuum analyzed by Global Kinetic Analysis using the Specfit/32 software package (Biologic SAS, www.bio-logic.info/rapid-kinetics/specfit.html).
Experimental

Methods and Instrumentation
Ultrafast pump−probe experiments were performed with femtosecond (fs) transient absorption spectroscopy with broadband capabilities. 32 Briefly, an Ultrafast Systems Helios femtosecond transient absorption spectrometer equipped with UV-visible and near-IR detectors was used to measure the samples in this study. White-light-continuum probe pulse was generated in a 2 mm thick sapphire plate in an Ultrafast System LLC spectrometer using a few μJ pulse energy of the fundamental output of a Ti:sapphire fs regenerative amplifier operating at 800 nm with 35 fs pulses and a repetition rate of 1 kHz. The pump pulses at 355 nm were created from fs pulses generated in an optical parametric amplifier (Newport Spectra-Physics). The sample solution was constantly stirred to avoid photodegradation in the scanned volume. The pump and probe beams were overlapped both spatially and temporally on the sample solution, and the transmitted probe light from the samples was collected on the broad-band UV-visible-near-IR detectors to record the time-resolved excitation-induced difference spectra.
Time-resolved IR experiments were carried out using a Helios-IR spectrometer with broadband capability (Ultrafast Systems, U.S.A.). The UV pump pulses at 400 nm were straightforwardly obtained by the second harmonic of a 120 fs Ti:sapphire regenerative amplifier operating at 1 kHz (Spectra-Physics). The tunable mid-IR probe pulses were generated by difference frequency mixing of the signal and idler pulses from a near-infrared optical parametric amplifier. The experimental setup is detailed elsewhere. 33 In the transient IR measurements, the photo-induced reaction was recorded on a solution of PEn-NDI in DCM pumped through a rotational cell with nominal thickness of 350 μm, ensuring that for every laser shot a fresh sample was excited. The optical density of the solution was 1 mOD at 350 nm with 350 μm spacer.
Results and Discussion
Oligomer structures, Synthesis, and Characterization. The series of -conjugated oligomer-acceptor dyads, PEn-NDI (n = 4, 6, 8) were synthesized which feature a conjugated oligo(phenylene ethynylene) backbone as an electron donor capped with a naphthalene diimide derivative as an electron acceptor. The naphthalene diimide derivative was chosen for its capability to serve as a strong electron acceptor and because of its characteristic radical anion 7 absorption features. 26, 28, [34] [35] Three corresponding model oligomers end-capped with a triisopropylsilyl (TIPS) unit, PEn-TIPS (n = 4, 6, 8), were also prepared for control studies (Chart 1). The oligomers were mainly synthesized using Sonogashira reactions, and they were characterized by 1 H-NMR/ 13 C-NMR and high resolution mass spectroscopy. Complete details concerning the synthesis and characterization are provided in the Supporting Information.
Chart 1.
Photophysical Studies. The optical properties of the oligomers were studied by absorption and fluorescence spectroscopy in chloroform at room temperature, and the spectra of selected examples are illustrated in Figure 1 . In general, all the PEn-NDI oligomers show combined absorption properties from both the PEn and NDI segments; however, the absorption is dominated by the oligo(phenylene ethynylene) backbones due to their relatively larger absorption coefficients ( Figure 1 ). Taking PE4-NDI as an example, as shown by Figure 1A , PE4-NDI has an intense absorption band at 300 -400 nm, with distinct peaks at ~ 358 and ~ 378 nm.
The major UV-visible absorption is attributed to the PE4 segment, with superimposed features arising from the NDI moiety. When conjugation length increases from PE4 to PE8, the absorption spectra of PEn-TIPS and PEn-NDI oligomers red-shift and have increased molar absorptivity. Additionally, the mismatch of the emission from oligo(phenylene ethynylene) Table 1 ). The significant decrease in lifetime with increasing oligomer length implies that radiative decay rate increases with conjugation length. 36 In stark contrast to the PEn-TIPS series, the PEn-NDI oligomers are virtually nonemissive: Φ f ranges from ~0.002 to ~0.025 from PE4-NDI to PE8-NDI ( Figure 1D ). Not Page 8 of 31
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 surprisingly, the fluorescence lifetimes for all the NDI capped oligomers were below the instrument response (< 100 ps). The low fluorescence quantum yields for PEn-NDI oligomers indicate efficient quenching of the singlet excited state, presumably due to excited state electron transfer from the donor (OPE) to acceptor group (NDI). The electron transfer efficiency can be estimated from eq. 3,
where f (PEn-NDI) is the fluorescence quantum yield for the PEn-NDI oligomers and f (PEn-TIPS) is the quantum yield for corresponding PEn-TIPS oligomers. As a result, all the three PEn-NDI oligomers exhibit high electron transfer efficiency, ranging from 99.8% to 96.7% with increased oligomer length ( Table 1 ). The highly efficient charge separation properties make the PEn-NDI oligomers excellent targets to investigate their charge separation and recombination kinetics and how they are influenced by the oligomer/donor conjugation length. 
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The driving force for charge separation from the singlet excited states in the PEn-NDI series can be approximated by using eq. 4, 
where the terms are defined above. The driving force for recombination for all three PEn-NDI oligomers is estimated to range from -2.02 to -1.96 eV ( Table 2) . Taken together the thermodynamic data suggests that both charge separation and charge recombination are strongly exothermic, with the latter being considerable more exothermic.
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In order to complete the picture of the states involved in the photophysics of the PEn-NDI oligomers, it is necessary to pinpoint the triplet levels. Previous studies indicate that the singlettriplet splitting ( E ST ) in phenylene ethynylene conjugated systems is ~ 0.75 eV. 41 Using this value, combined with the singlet energies, we estimate that the triplet states in the PEn-NDI oligomers lie within the range 2.37 -2.45 eV. It is important to note that the triplet states are higher in energy than the charge separated states in all of the PEn-NDI series. Scheme 1 below summarizes the states involve in the photophysics of the PEn-NDI oligomers, along with their approximate energies. The important aspect is that the charge separated state is at lower energy compared to the singlet and triplet states. Therefore, excited state decay of both states is anticipated to occur via the charge separated state.
Scheme 1
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The transient absorption dynamics of the PEn-NDI oligomers provide insight regarding the rates of charge separation and recombination. As shown in Figure 5A , the kinetics at 480 nm 
PEn-NDI (8)
Fits of the dynamics provide quantitative information regarding the kinetics of electron transfer (Table 3 ). In particular, the rates for charge separation are very fast, ranging from 1 -10 x 10 11 s -1 , whereas the rates for charge recombination are slower by a factor of ~100, ranging from 0.8 -3 x 10 9 s -1 . Note that the rates for charge separation decrease noticeably as the oligomer length increases. However, the dynamics for charge recombination are much less dependent on oligomer length, with a modest decrease between PE4-NDI and PE6-NDI, but then the rate is essentially the same for the longer two oligomers. Mid-infrared transient absorption spectroscopy was also applied to probe the charge transfer processes in the PEn-NDI oligomers. 33, [46] [47] [48] In this case, the transients were monitored at 2080 cm -1 by using a mid-infrared probe continuum combined with a mid-infrared array detector. As shown in Figure 6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The rates obtained from analysis of the infrared transient absorption dynamics are tabulated in Table 3 , and as can be seen they are in very good agreement with the rates obtained from the visible transient absorption. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a Lifetimes (τ CS and τ CR ) were measured from femtosecond transient absorption spectroscopy(fs-TA) in dichloromethane, and rates (k CS and k CR ) were calculated by k CS =1/ τ CS and k CR =1/ τ CR . b Lifetimes (τ CS and τ CR ) were measured from time resolved infrared (TRIR) spectroscopy in dichloromethane, and rates (k CS and k CR ) were calculated by k CS =1/ τ CS and k CR =1/ τ CR . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Correlations of the rates of charge separation and recombination as a function of donoracceptor center-to-center separation distance provide further insight into the mechanism and distance dependence of charge transfer in the PEn-NDI series (Figure 7 ). The correlation shows that the forward ET rates decrease weakly with distance, and the correlation is consistent with a logarithmic rate decay, e.g¸ k CS = k 0 exp(-βr), with β CS ~ 0.15 Å -1 . By contrast, the rate for charge recombination does not decay monotonically with distance, rather it follows the sequence PE4-NDI > PE6-NDI ~ PE8-NDI. Note also that the decrease of rate between PE4-NDI and PE6-NDI is consistent with a distance dependence factor β CR ~ 0.15 Å -1 , the same as the forward ET reaction, but k CR then is nearly constant (β CR ~ 0) from PE6-NDI to PE8-NDI. A similar break in distance dependence has been observed in other donor-bridge-acceptor systems, and in these cases the change has been attributed to a crossover in the ET mechanism. 9, 52 As outlined below, we believe that a similar change in mechanism may occur for the return ET reactions in the PEn-NDI series.
Rates of Electron
An analysis of the variation of the rates across the PEn-NDI series must account for the fact that the thermodynamics for forward and return ET are nearly independent of the length of the OPE segment (Table 2) . Thus, the variation in rate with length must arise from variation(s) of other factors, e.g., electronic coupling, structure of the OPE polaron (cation radical state, OPE
and/or conformational gating. Before pursuing the discussion further, we digress briefly to consider the structure and delocalization of the singlet excited state and the charge separated states in the PEn-NDI oligomers. Considerable previous work has explored the structure of the excited states in π-conjugated oligomers, and most pertinent to this discussion is oligo(phenylene ethynylene)s. In this regard it has been established that the effective conjugation length in the singlet excited state is approximately 9 phenylene ethynylene (PE) repeating units. 53-55 By contrast, less is known regarding the structure of the positive polaron state (cation radical) of
OPEs. In the current study it was found that the absorption of the cation state of the OPEs does not vary significantly with oligomer length, from PE4 to PE8 ( Figure 3C ). This finding suggests that the hole polaron is relatively more localized than the singlet state, perhaps effectively occupying a confined segment of n 4 repeat units in the longer oligomers.
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With this background, we present the model shown in Scheme 2 to discuss and explain the trends in ET rates observed in the PEn-NDI oligomers. Excitation of PEn-NDI produces a singlet state that is delocalized over the entire oligomer. The rate of charge separation depends on the coupling between the singlet wavefunction on the PEn donor and the NDI acceptor. The small decrease in forward ET rate with increasing oligomer length ( ~ 0.15 Å -1 ) is attributed to a decrease in the electronic coupling that occurs because the excited state wave function is more delocalized as the oligomer length increases. However, because the PEn hole polaron is more spatially confined than the singlet exciton, the distance dependence of charge recombination in the charge separated state may involve a more complicated scheme. Here we propose the possible involvement of different charge separated (CT) states that may exist in the longer oligomers. As shown in Scheme 2, forward ET produces an initial "geminate CT" state, where the hole polaron is localized on the OPE segment closest to the NDI acceptor. While there clearly is a Coulombic attraction between the electron and hole in this state, due to the long lifetime of the CT state, it is possible that the polaron could "hop" along the chain to form one or more distinct "separated CT" states, where the polaron has moved along the OPE segment away from the NDI acceptor. We estimate that in CH 2 Cl 2 the Coulombic barrier between the geminate and separated CT states is < 0.07 eV. Given that the energy barrier to hopping is relatively low, the rate of the polaron hopping is most likely controlled by fluctuations in the conformation of the OPE backbone, more specifically polaron hopping is conformationally gated by rotations of the phenylene units. Within this model, the rate of return ET may be controlled in part by conformation gating of the hole hopping which interconverts the separated CT state(s) and the geminate CT state. This could explain why the rates for return ET are comparable in the longer oligomers.
Scheme 2
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